Introduction

Glioblastoma: a scourge to mankind
Glioblastoma multiforme (GBM) accounts for up to 60% of all malignant primary brain tumours in adults [1, 2, 3] with 2-3 cases per 100,000 inhabitants per year in Europe or North America, while in children it accounts for only about 5 % of the brain tumors, with an incidence even below 0.1 per 100,000 inhabitants [4, 5] .
Therapy first relies on neurosurgery and irradiation which both are effective, however, may rarely lead to cure. Until the work of Stupp et al. , [2, 6] from 2005 it had not even been generally accepted that in adults systemic therapy is of any benefit at all. By Stupp and coworkers, it was shown in a randomized study that treatment with oral Temozolomide, a cytostatic drug, acting as an alkylating agent, leads to a limited, yet significant prolongation of survival with acceptable toxicity. Previously, for example a large clinical study examining combined Procarbacin, CCNU (Lomustin) and Vincristin (PCV), had reported a very modest gain of survival with radiotherapy plus PCV versus 13 months with radiotherapy alone; however, the toxicity connected with such a therapy approach led to a significant debate regarding the actual benefit for the patient [1, 3, 7, 8] . In children, systemic approaches have already been standard in therapy back from the nineties, however, here, the cure rate was also dismal -although in general, it is slightly better than in adults [9] .
Many new concepts have been developed after the work of Stupp et al. , and an enormous lot of different systemic therapy approaches have been developed in the last years -besides cytostatic chemotherapy, multiple agents with molecular targets, agents inducing differentiation or cell cycle arrest, anti-angiogenetic approaches, or immunotherapy, nanoparticles, oncolytic viruses, and others [1, 7, 8] . But, there still is a large gap between optimistic concepts and final results: in each of these therapies, clinical studies, although initiated with much enthusiasm, ended up with disappointing results -none of the new targeted substances, for example, could, as monotherapy, improve significantly the prognosis of glioblastomas in a larger number of patients. And more than five years after the Stupp paper, there still is no therapeutical concept representing a reliable additional benefit for this group of patients. This fact of course leads to several further questions. First, it has to be asked whether a greater number of substances should be used at once, if acceptable from the point of risks and toxicities due to combination or interaction of the substances. And second, whether the substances used should be selected in a more individual way, based, for example, on the molecular profile of the patient's tumor.
As an example, O6-methylguanine-DNA-methyltransferase (MGMT) gene methylation has already reached significance for clinical practice, as described below. Knowing that this molecular pattern leads to much higher Abstract doi: 10.7243/2049-7962-2-17 sensitivity towards Temozolomide, patients may thus be selected to be treated in a more specific way, improving results [7, 10] .
Besides, a lot of difficulties are related to the definitions of response, remission or relapse. On the one hand, the existing imaging methods have some limitations in defining the lesions exactly, which, in glioblastoma, usually are composed of areas of the tumor itself, edema, necrosis, infiltrated normal tissue, reactive hyperemia etc. [11] [12] [13] [14] [15] . On the other hand, all what is particularly important for a patient in a most likely palliative situation besides survival, i.e., mental condition, brain function, and quality of life, is difficult to assess and compare exactly [5, 15] .
Keeping the patients' general situation in consideration we also have to ask whether, on the one side, toxicity, even severe one, may still be accepted due to the fact that it is the patient's only chance anyway, or whether, basically for the same reason, since it is probably going to be a palliative situation for most patients, any therapy should be focused on quality of life rather than on oncological responses that might just mean suffering for a person who still has only a very limited life expectancy [9] .
All these aspects clearly point in favor of a more individualized approach in future glioblastoma therapy. However, as long as medicine in general -including establishment of therapy standards and approval of drugs for medical use -is done on the basis of statistical evidence, sufficient patient numbers will have to be treated using equal schedules, which, at best, should also include only a limited number of substances given together to enable the establishment of clear dose-effect relationships.
To solve this problem, probably a completely new approach both in the clinical, but also the in vitro research will be required.
Genetics
An enormous lot of genetic alterations in glioblastomas has been described. However, most of these are not strictly associated with a particular clinical phenotype [16] . And in pediatric glioblastoma, the distribution of clinical and genetic factors again is different [4, 9] .
Traditionally, glioblastomas are separated into the two subgroups, primary and secondary tumors [7, 16] . The secondary glioblastomas, accounting for about 5 per cent of the adult tumors, develop stepwise from benign brain tumors, particularly diffuse astrocytomas or oligodendrogliomas [16] . In the benign lesions and subsequently in glioblastomas of the secondary type, mutations of the isocitrate dehydrogenase 1 (IDH-1) gene are a common, however not general finding [16] . IDH-1 preferentially catalyzes the nicotinamide dinucleotide phosphate-dependent reduction of alpha-ketoglutarate to hydroxyglutarate, resulting in accumulation of the latter [7, 16] . As a result of the mutations, changes in the expression of numerous other genes related to intracellular metabolism and even to epigenetic control are seen [7, 16] . Since IDH-1 mutations are related to a better prognosis and might help to differentiate between primary and secondary glioblastoma, they have a valuable diagnostic potential, however, therapeutic approaches using the IDH-1 pathway are not described [4, 7, 16] . In primary tumors, manifesting themselves as highgrade tumors from the beginning, phosphatase and tensin homologue (PTEN) mutations are a common, however, not general finding [8, 16] .
These genetic differentiations, however, are by far not the only one observed in glioblastomas. Particularly common genetic factors in high grade gliomas include classical oncogenetic alterations like mutations in p53 or PTEN [7, 8, 16] , which are very frequent in glioblastomas, while microsatellite instability is only observed in a small subgroup [16] . Loss of heterozygosity in numerous chromosomes may also lead to functional alterations of tumor suppressor genes [16] .
None of these mechanisms, however, do currently imply a mechanism that could be used for a therapeutical approach; at best, they may to some degree be used as prognostic markers [16] .
An overview of genetic and metabolic alterations observed in glioblastomas is given in ( Table 1) .
Growth factors and their receptors
In some contrast to the characterization of primary and secondary tumors, four distinct molecular subclasses were defined based on the Cancer Genome Atlas (TCGA), corresponding to stages in neurogenesis, i.e., the proneural, neural, classic, and mesenchymal subtypes [16, 18] . Besides [16, 18] .
These growth factor receptors, acting as tyrosine kinases, transmit their signal into a complex intracellular network involving mainly two pathways, i.e., the rat sarcoma kinase/ rat fibrosarcoma kinase (RAS/RAF kinases) and the protein kinase B-mamalian target of rapamycin (AKT-mTor) pathway. Thus they dictate the behaviour of the cells -including processes of differentiation, cell cycle progress, proliferation, migration, or apoptosis [8, 16, 19] . Therefore, the relevance of growth factor receptor alterations in glioblastomas is evident. The receptor most involved in such oncogenic alterations certainly is the epidermal growth factor receptor [16, [20] [21] [22] [23] .
First, there are cases showing an amplification of the epidermal growth factor receptor (EGFR) gene -which is typically seen in primary glioblastomas. This may be caused by a focal amplification of EGFR or an amplification of the complete chromosome 7, containing EGFR, and other genes. Further, EGFR amplification may appear as double minutes (small fragments of extrachromosomal DNA), and extra copies of EGFR have also been described inserted into different loci on chromosome 7 [16] . Second, mutations in the EGFR gene may result in a constitutively overactivated receptor pathway, which is classically seen in form of the epidermal growth factor receptor variant III (EGFRvIII), caused by a deletion in the extracellular part of the receptor [16] . EGFR point mutations have been identified as well, and, particularly in children, EGFRvIII deletion mutations exist without activating characteristics [4] . The EGFR signal transduction system is target of numerous types of molecular therapies, both aiming at the receptor -with its extrecellular or intracellular components -or at the intracellular signaling network which, itself is connected with the complex regulation pathways of the PI3K/AKT, PTEN, and RAS/RAF pathways [4, 8, 16] .
Several molecular therapies aiming at the EGFR have been developed in the previous years. First, antibodies acting both by EGFR-blockade or induction of cytotoxicity, like nimotuzumab and cetuximab were developed [4, 16] . Numerous phase I studies have already shown some therapeutic benefit; the potential of these compounds in single drug application, however, certainly is limited [9] .
As inhibitors of the signal transduction from the receptors to intracellular pathways, erlotinib and gefitinib were developed that showed acceptable toxicity in phase I studies, however were did not have a convincing antitumor effect as monotherapy [4, 19, 24] .
Although the EGFR system probably plays the most important role in the regulation of growth and differentiation in glioblastoma, numerous other growth factor receptors are also activated in glioblastomas and thus represent a possible aim for targeted therapies, eg., the platelet derived growth factor receptor (PDGFR) and the vascular endothelial growth factor receptor (VEGFR) which both, particularly the latter, also are of relevance for angiogenesis regulation in glioblastomas. Both antibodies -like bevacizumab -and small molecular inhibitorslike imatinib -have thus been applied in experimental glioblastoma therapy [4, 11, 12, 15, 16] .
Glioblastoma multiforme cells also secrete hepatocyte growth factor/scatter factor (HGF/SF), which binds to its receptor, the MET receptor tyrosine kinase [25] ; this appears to be associated to the grade of malignancy. HGF/SF expression is typically associated with invasive behaviour. MET and HGF/SF are expressed in invasive cells from primary human glioblastomas; HGF/SF is a potent chemotactic factor for glioblastoma cell lines. This suggests that MET -HGF/ SF signaling could also represent an autocrine motility loop leading to the invasive and migratory characteristics typical for high grade gliomas. Furthermore, in several cancer models, MET signaling has been described to be a factor rescuing cells from drug-induced apoptosis [19] .
As mentioned above, the further intracellular signal transduction pathways of these growth factor receptors share multiple elements. Here, for possible therapeutic interventions, the two central elements are the PI3 kinase AKT and the RAS -ERK systems, particularly in downstream signaling of the EGF-receptor. Although mutations in the RAS genes have rarely been observed in malignant gliomas [16] , inactivating mutations and deletions have been identified in their inhibitory tumor suppressor gene NF1 [16] ; these are, however, currently not relevant for therapeutic approaches [20] . Mutations in PIK3CA and PIK3R1, coding for different PI3-kinase catalytic subunits have also been described in glioblastoma, leading to an over-activated phenotype [16] . Thus, both the RAS-ERK and the PI3-kinase AKT systems may appear as possible targets for novel therapies. As a RAS-RAF inhibitor, Sorafenib [9, 20] has been used in some minor clinical studies that were, unfortunately, not really encouraging [20] . Multiple agents have been established for the pharmaceutical inhibition of the PI3-kinase -protein kinase C -AKT system, both direct inhibitors like BEZ235 and XL765 [20] , Enzastaurin [7, 21] and numerous inhibitors of mTor (mammalian target of Rapamycin), the most important downstream target of AKT -like sirolimus, temsirolimus, everolimus, and deforolimus [20, 21] .
An overview of intracellular pathways relevant in gliob-doi: 10.7243/2049-7962-2-17 lastomas, with different molecular inhibitors, is given in (Figure 1 and Table 2 ).
Epigenetics
Besides genetic factors, epigenetic programing of the cells, particularly gene methylation and histone deacetylation, are of importance for the malignant behaviour of glioblastoma cells [1, 7, 8, 16, 20] . For many years it has been described that tumors in which the promoter of the gene encoding the enzyme O6-methylguanine-DNA methyltransferase (MGMT) is methylated are much better protected against the effects of the cytostatic agent Temozolomide (TMZ) [7, 8] . While numerous cytostatic drugs, for example Nitroso-Urea, Vincristin, Procarbacine, have been applied in glioblastoma over decades in adults, and even more in children [4] , TMZ was actually the first one in which a therapeutic benefit was actually shown in a randomized study [6] . While it is certainly still open whether other cytostatics might in future turn out to be helpful in particular subgroups of glioblastoma, the focus of research shifted from cytostatic to molecular therapies; both due to lower toxicity and the hope, at least, to discover better efficacy.
TMZ is a methylating agent that can be applied orally with a profile of side effects that may be handled easier than in most other cytostatic drugs. Due to this fact, it was first primarily used as palliative treatment. MGMT is a DNA repair protein removing alkyl groups from DNA that thus confers resistance to alkylating agent chemotherapy [1, 10] . Its relevance has been particularly shown for glioblastomas treated with TMZ -in which the MGMT promoter methylated tumors showed a significantly better response to therapy. This finding may lead to different consequences. One may be to exclude patients of the methylated type from any TMZ treatment. Since TMZ efficacy is reduced, but not to zero in these patients, this may perhaps help to improve study data, however, does not mean any help for the patients. Or one might try find methods in order to block MGMT promoter demethylation. This may either be achieved by a novel, that is metronomic application mode of temozolomide administrationleading to depletion of intratumoural MGMT as suggested in previous trials and investigations [26] [27] [28] -or, finally, there might a search for agents inhibiting MGMT demethylation leakage of calcium from into the cytosol [29] . In any case, the MGMT methylation status apparently is a classical example for a situation in which the efficacy of a drug depends on particular properties of the individual tumor, leading to a requirement for a tumor-dependent therapy stratification [1, 7] .
Histone deacetylation is another mechanism of epigenetic regulation -which is particularly relevant for the cellular functions of differentiation or proliferation. By inhibition of histone deacetylation, numerous genes that were previously silenced, become activated which may induce a differentiation response. Since in most cases, differentiation leads to an arrest of proliferation and since induction of differentiation has become a mode of therapy in several other malignant diseases -like acute promyelocytic leukemia or neuroblastoma -it was a very interesting observation that the antiepileptic drug Valproic acid, which was given to some glioblastoma patients, does also have an anti-tumor effect [4] . Valproate, acting as a histone deacetylase inhibitor, apparently has an impact on maintanance of stemness, and resistance to DNA damage [7] ; it thereby has the potential to sensitize cells to other chemotherapeutic agents [4, 30] . Thus, other histone deacetylase inhibitors with less toxicity, such as Vorinostat (suberoylanilide hydroxamic acid, SAHA) are also now under investigation [4, 25, 30, 31] . They act by induction of oxidative stress, upregulation of death receptors, cell cycle checkpoint disruption, and upregulation of proapoptotic proteins [30] . Isotretinoin has also been show to induce a differentiation effect in glioblastoma cells and was applied in phase I studies [32, 33] . It is still open whether the efficacy of these drugs might also depend on particular properties of the given tumors. As single agents, however, none of them has shown convincing effects.
Further approaches to intracellular mechanisms
Among the substances acting on the intracellular metabolism, some appear to have several different modes of action at the same time, and the actual relevance of these has not completely been understood. Non-steroidal antiinflammatory drugs for example, particularly Celecoxib, which inactivates cyclooxygenase-2 catalyzing the rate-liming step of prostaglandin synthesis from arachidonic acid substrate, were demonstrated to have a significant cytotoxic potential against glioblastoma cells [34] [35] [36] [37] . Since it also inhibits tumor cell growth by acting on COX independent targets and even in COX-2-negative hemopoietic cells by induction of cell cycle arrest and apoptosis, it appears to act also in a COX-2 independent manner, possibly by interfering with the nuclear factor kappa-B (NFkB) pathway [34] . NFkB has been extensively studied in immune cells, where it regulates normal activation and differentiation; it is typically activated in malignant cells and is preferentially overexpressed in glioblastomas, however not in all [34] . Another possible interaction partner of Celecoxib is p53; since it was shown that Celecoxib induces DNA damage, leading to p53-dependent G1 cell cycle arrest and autophagy [35] . Further, Celecoxib may cause stress of the endoplasmatic reticulum by leakage of calcium into the cytosol [37] or even inhibition of growth factor signaling [36] . In combination with Temozolomide, Celecoxib has shown significant efficacy in some patients; however, since the exact mode of action is unknown, it is still impossible to predict response in individual patients [32, 36] .
Another apoproach to intracellular metabolism are proteasome inhibitors. In the proteasomes, proteins are inactivated by ubiquitination, inducing their regular degradation and turnover. Proteasome inhibition may thus lead to sort of a self-intoxication of cells, not only by inhibition of normal regulation and turnover processes in the cell, but also by accumulation of abnormal or dysfunctional proteins leading to endoplasmatic reticulum stress and cell death [20, 37] . Protein turnover is much more rapid in malignant cells, rendering them more sensitive to proteasome inhibition than normal cells. The proteasome inhibitor, Bortezomib, has used for the treatment of multiple myeloma but also numerous other tumors including glioblastoma [37, 38] . Both as monotherapy and in combination regimens, it has been applied in phase I studies for glioblastoma, with limited success [ 
Stem cells and migrating cells
A common concept still requiring full verification for many types of malignancy is the idea of malignant stem cells. Thus, a minority of undifferentiated cells with high capacity to divide produces the actual mass of tumor cells, while most of these may perhaps in many ways do harm to the host, however, resembling normally differentiated body cells, they will no more divide. There are even hints indicating that tumor stem cells might even retain the capacity to transdifferentiate into vasculature [40] . So, only an attack aiming at the tumor stem cells might have the potential to cure the disease, while destruction of the tumor mass may only lead to a transient effect. If this concept is true, analyses studying sensitivity of tumor cells towards a therapeutic agent using bulk cells may be futile [1, 23, 41] . The same would be true if the proportion of invasive and migrating cells had a different cellular makeup than the residual ones. Since often the removal of the main tumor is possible, but the patient experiences a relapse from a site behind the resection margin, obviously it is the invasive and migrating cells that should be the main target of therapy since they will finally cause the relapse distant from the original site of the tumor -sometimes even distant to the irradiation margins [25] .
In a recent work, however, Friedmann-Marvinski and colleagues showed that the de-differentiated, stem-like phenotype of glioblastoma cells may be induced by transformation not only of neural stem cells but also differentiated astrocytes, or even mature neurons [42] . This would mean that not only stem but also residual tumor bulk cells might induce relapse tumor formation by perpetuating the cycle of continuous cell replication [42] .
The tumor and its surrounding
Only recently it has gained growing attention that tumors, besides having their own molecular and regulatory properties, also depend substantially from interactions with the surrounding tissue. This is composed of vasculature, matrix and stroma cells, and within these, the immune system, which is, of course, regulated by an extremely complex system of interactions [25] .
It can be assumed that any tumor that is visible has already a long history of such interactions behind itself, which lead to a longstanding selection and editing process. Both the tumor and the host are shaped by this process, and certainly in the natural history of a tumor, both cannot be separated from each other. Thus, not only treament attempts aiming at the tumor itself but also those acting on the host -like specific or unspecific immunotherapymay be effective. These should be discussed in particular.
Integrins
Integrins are heterodimeric proteins at the cellular membrane mediating the interaction of cells with the extracellular matrix [42, 43] . Numerous different types of integrins bind to individual matrix molecules, eg., fibronectin, collagen, laminin, and others [42] . A particular role for integrins has been described in endothelial cells. The avb5 integrin, for example, is an important co-factor for the VEGF-mediated angiogenesis [43] . The avb3 integrin has been found on endothelial cells of small blood vessels in glioblastomas, but not on normal brain vessels [43] . But these molecules are also expressed on the glioblastoma cells themselves. Many intracellular regulation pathways are influenced by their interaction with matrix molecules, particularly, via paxillin, the Erk pathway [17, 42] . Thus, integrin inhibitors have been shown to induce apoptosis in glioblastoma cells [42] . This may have the features of autophagy [44] . Further, a possible influence on tumor cell migration -an important factor of malignancy in glioblastoma cells -can be assumed. An interesting correlation with the level of expression of integrins was reported by measuring expression of both the avb3 and avb5 integrins in brain tumor specimens at on the growing edge of the tumor [43] .
The therapeutic potential of integrin inhibitors -the paradigmatical being Cilengitide, a avß3 and avß5 specific integrin inhibitor -certainly depends on the expression of the corresponding integrins on the target cells [42, 43] . In numerous studies both in vitro, in animal models, antiglioblastoma efficacy of Cilengitide has been shown; and clinical studies demonstrated feasibility and some clinical response which was, however, not very impressive in a monotherapy approach [43] .
Angiogenesis
It is well known that glioblastomas not only have a very dense and atypical vasculture, they are also characterized by secretion of multiple proangiogenic molecules, particular vascular endothelial growth factor (VEGF). Vascularization appears to be an important process in tumorigenesis, which is deeply connected with tumor growth, and depends both on factors within the tumor, the surrounding normal vasculature, and the stroma [24] . Besides starving tumors of oxygen and growth factors, anti-angiogenetic therapy may also act on the blood-brain barrier [7, 45] . Thus, such substances have been applied in the treatment of glioblastomas, particularly Bevacizumab, a humanized monoclonal antibody aimed at vascular endothelial growth factor (VEGF), has shown high response rates in recurrent glioblastomas [7] . This prima vista clear effect yet still is a matter of debate [11] [12] [13] [14] [15] . While a reduction of contrast enhancement and intensity in glioblastoma have been shown in bevacizumab treatment, it is still open to which extend these changes might be relevant for survival [11] .
The same may be true for another antiangiogenetic approach, using Thalidomide, which is one of the most effective anti-angiogenetic drugs, alone or on combination [45, 46] .
Immune therapy
Probably as a result of tumor editing, Glioblastomas are able doi: 10.7243/2049-7962-2-17 to secrete immunosuppressive agents such as TGFß, IL-10 and Prostagalandin E2, and in addition, other cytokines, that may have immunosuppressive potential, like VEGF are secreted [47] . Further, as it has been shown, the antigen presenting cells of the brain, the so-called microglia cells, may act in an immunosuppressive way [48, 49] . These and other mechanisms, as other components of tumor editing, typically lead to the establishment of immunosuppressive cellular elements of the tumor, like myeloid suppressor cells and regulatory T cells [29, 47] . For its malignant behaviour, a glioblastoma probably requires the maintenance of this immune privilege.
Thus, addressing this may be an effective therapeutic measure. By treatment with anti-CD25 antibodies alone, for example, protection of mice from an experiomental glioblastoma could be shown [50] ; other approaches may include unspecific immunostimulation by cytokines like IFNgamma, IFN-beta or blockade of TGF-beta and other factors [51, 52] . In mouse models, it was shown that stimulation of Toll-like receptors may convert the immunosuppressive role of the microglia towards a more immunostimulatory behavour [49] .
By targeted approaches, like vaccination against particular tumor antigens, immunotherapy has been performed -still with not so impressive results. A reason probably is that the tumors can change their antigenetic profile in quite a rapid way.
Thus, an even much more individualized, targeted approach was developed which is immunotherapy by vaccination with dendritic cells after ex vivo stimulation and pulsing with autologous tumor antigens [53, 54] . This is, indeed, by itself a completely individualized therapy: for each patient, a completely different vaccine is produced [53] . Being robust and simple, on the one hand, it has proven to be quite successful on the other, and might thus give an indication in which way to develop future strategies in the difficult field of glioblastoma therapy.
Other approaches
An approach opening very diverse new opportunities to the therapy of glioblastomas are nanoparticles facilitating the delivery of anti-tumor agents [8, 56] . In recent in vitro or in vivo studies, they were used for the delivery of cytostatic drugs [57] [58] [59] [60] , cytotoxic peptides [61] , antibodies [62, 63] , siRNA [64] or even oncolytic viruses [65] , to deliver irradiation [66] or to improve imaging techniques [67] . The frame of this paper does not allow to discuss these new therapeutic opportunities in detail. Among the other approaches applied in the therapy of glioblastomas -besides new neurosurgical and irradiation methods, this implies in particular gene therapy, oncolytic viral therapy, or hyperthermia technology, again unfortunately none has proven efficacy in large numbers of patients, in spite of encouraging results in individual ones [1, [7] [8] [9] 54] .
Pediatric high-grade gliomas
In children and adolescents, high grade gliomas do not only have a different biological behavior compared to those in adults [4, 5, 15, 24] , they also show other patterns of molecular alterations [68] [69] [70] [71] [72] . Pediatric tumors in average go along with longer survival -although cure is also a very rare event in them -and they are more often found in the posterior fossa, leading to a higher degree of complete resection [5] . Further, the diffuse intrinsic pontine glioma (DIPG), a disease entity primarily defined by location in the pons and infiltrative growth behavior, is a disorder that is not at all observed in adults [5, 24, 70] .
Concerning the patterns of molecular alterations in pediatric high-grade gliomas, the subclassifications of adult high-grade gliomas are invalid in children. Pediatric glioblastoma only very rarely show EGFR alterations [68, 69] . Although usually primary tumors, the pediatric glioblastomas often show p53 and PDGFRa alterationswhich, typically, are seen in secondary adult tumors, but IDH-1 mutations, however, are rare [69, 72] .
On the other hand, several different genes affecting the histone remodelling system are overexpressed, particularly the histone H3.3 and the in alpha-thalassaemia/ mental retardation syndrome X-linked and death-domain associated protein (ATRX and DAXX) -genes; thus you may even conclude that mutations in H3.3 genes, ATRX and DAXX distinguish pediatric from adult GBM [69] .
Also, a high number of cases overexpress Y-box-protein-1, a gene that may promote oncogenesis in children [71] .
The biologically separate entity of DIPG (defined by location) has to a high degree receptor tyrosine kinaseras-phosphoinositide 3-kinase signaling pathway mostly involving PDGFRA and MET. Also amplifications of genes controlling retinoblastoma protein (RB) phosphorylation are often seen [70] . In summary, to detect possible mechanisms defining drug sensitivity in glioblastiomas, pediatric tumors should in any case be regarded as a separate entity, and separate algorithms for response detection or prediction have to be defined [4, 8, 9, 15] .
Discussion and conclusion
As a result, we can conclude that numerous therapeutic approaches are at hand for the treatment of glioblastomas, however, none of them has thus far, as single agent, led to a breakthrough. In contrast, most of the studies have shown extremely disappointing results, in spite of the enthusiasm most of them had initially been started with.
Still, it may be possible that this is not due to a lack of efficacy but just to the lack of knowledge which patient should receive which treatment. Based on the assumption that each of the given agents might have some effect in a subgroup of patients but none in all, and none would be sufficient as monotherapy, the main task is to develop 8 doi: 10.7243/2049-7962-2-17 a scheme assigning each patient the best treatment combination for his individual tumor [8, 9] .
To the requirement of sufficient evidence for personalized treatment strategies, however, there is no simple answer. Therapies based on individual tumor signatures necessarily imply low patient numbers which hampers statistical evidence. The more accurately an individual tumor is analysed the smaller the number of identical cases will be.
Probably, in furture protocols should be established randomizing patients between standard and individualized therapy, although even this could not easily prove or falsify the superiority of each individualized approach, since these individual therapies will necessarily be heterogeneous, possibly including effective and ineffective ones. A very important question in this context is whether the known genetic or epigenetic alterations of these brain tumors typically occur randomly or whether they occur in specific combinations, i.e., whether, for example, a secondary glioblastoma bearing the typical IDH-1 mutation will also show a specific pattern of EGFR, PI3 kinase or Erk activation, MGMT methylation, Histone acetylation, or NFkB activation. Or whether these different factors are just randomly distributed. Further, if there is a difference between the tumor bulk and the tumor stem cells, of course, it is the properties of the stem cells -and, perhaps, the migratory cells -that are the relevant ones.
First results indicate that, although there might may be some typical constellations, in fact the distribution of these factors is indeed extremely variable.
Each of the numerous substances that act in a molecular way depends on specific tumor related conditions, eg., EGFR or VEGF upregulation or MGMT methylation etc., and it is most likely that each substance does only help in a small subgroup of tumors. And each substance will only contribute by exerting a limited antitumoral effect. Thus, the problem will not be solved by just excluding those patients from a treatment in which this is ineffective. If we treat patients bearing a MGMT methylated tumor with TMZ alone, EGFR positive patients with EGFR antibodies alone, Integrin positive patients with Cilengitide alone, still most of them will not be cured. We will have to ask whether a combination of three, four or even more treatment modalities might be the right one for an individual patient [32, 35, 37, 45] . And if so, each of the combinations will not only have to be assessed for effectivity and toxicity, but also for possible interactions [45] . One substance might induce upregulation or downregulation of factors that are relevant for other drugs. Using an antiangiogenetic drug that leads to tumor hypoxia, we will have to ask whether this induces alterations of the molecular setup in other parts of the cell. If a drug selectively targets a subgroup of tumor cells, we will not only have to ask whether these are the stem cells propagating the tumor, but also whether the intratumoral and systemic immunomodulation, the blood-brain barrier or the cytokine milieu in general will be altered leading to a change in the behaviour of the tumor as such.
If we will find a way to treat patients individuallyaccording to the very singular molecular makeup of his or her particular tumor -we will also have to keep in mind that this makeup may perhaps change -as has been observed already both in immunotherapy approaches, and by studying cell lines in vitro. Possibly, our concept will have to anticipate alterations the tumors might undergo under the treatment pressure, and to be able to do so, we will have to observe the individual treatment responses as carefully as possible.
It will only be possible to answer these question, if large numbers of tumors will be analysed -not only with regard to molecular setup and in vitro drug sensitivity, but also regarding the in vivo response to the given therapies. Larger studies aiming not only at testing drug efficacy in large patient cohorts, but also in collection of tumor materials are required [8, 9] .
Finally, the development of new networks in the practical approach will be important. For a more individualized therapy, probably not only the histological diagnosis but numerous laboratory investigations including in vitro and animal studies and in silico investigations will be part of the standard workup performed in a new glioblastoma patient [8, 23, 35] .
To date, of course, it is completely open whether this approach will indeed lead to success. Individualized therapy will also require a new type of evidence based medicine, since the more detailed the analysis of individual patients becomes, the smaller the number of equal patients is -and finally, each patient would need a different treatment. To solve this problem, a new approach even in clinical statistics will be required.
